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Sodium modeling. The most serious side effects induced by related side effects are uncommon in peritoneal dialysis,
hemodialysis therapy are caused by changes in sodium concen- where sodium and water exchanges are almost continu-
tration and subsequent water shift between the intracellular ous. Sodium modeling is an attempt, using mathematicaland extracellular fluid compartment. Because of inadequate
models based on fundamental physiologic data and someprecision of proportioning, a certain sodium concentration and
simplifications, to describe the exchange of water andconsiderable error in the measurement of sodium concentra-
tion in dialysis fluid and plasma water, an error of up to 10 g in the sodium between dialysis fluid and blood, as well as be-
diffusive exchange of sodium chloride remains in most dialysis tween the different fluid compartments of the body. The
sessions. Common side effects occur within this sodium balance aim of sodium modeling is the improvement of dialysiserror. Sodium modeling is a simplified mathematical method
therapy by the prevention of unwanted side effects. Theto describe quantitatively the fluid exchange in the body caused
implications and possible benefits of sodium modelingby changes in extracellular sodium concentration. It is based
on fundamental physiologic properties of sodium and its per- are discussed in this article.
meability through the corresponding membranes. It also ex-
plains the different working mechanisms of sodium- and urea-
related changes in osmolarity. Sodium modeling is a helpful tool OSMOTICALLY INDUCED SIDE EFFECTS
for the illustration of the effects of changes in sodium concentra- OF HEMODIALYSIStion and ultrafiltration rate on sodium balance during one dialysis
Muscle crampssession. Sodium profiling is a method employed to avoid un-
wanted side effects of hemodialysis therapy by deliberately About 20% of dialysis sessions patients suffer fromchanging the sodium concentration in dialysis fluid during the
muscle cramps [1]. They are painful, sustained contrac-course of a dialysis session. Clinical reports on practicing so-
tions of skeletal muscles, mainly of the lower extremities,dium profiling are unsatisfactory, involving only short trial peri-
ods in most cases. Most of the studies reported positive sodium that may occur progressively toward the end of a dialysis
balance with temporary decreases in intradialytic hypotension session. They are more pronounced in patients who re-
and less blood volume reduction, but with increases in thirst and quire high ultrafiltration rates and are possibly dialyzedbody weight. To date, no validated studies with suitable control
below their dry weight. The mechanism of dialysis-inducedof sodium balance have been published that clearly demon-
muscle cramps is poorly understood, but it is commonstrate the long-term benefits of this mode of therapy compared
with the use of constant dialysate sodium concentrations. knowledge that the cramps quickly disappear after an
injection of hypertonic solutes. Usually 10 and 20% so-
dium chloride or 40% of glucose is used, where sodium
Sodium and water balance in anuric patients undergo- chloride is more effective than glucose. Muscle cramps
ing intermittent hemodialysis therapy is different in prin- can also be relieved by an infusion of 100 to 300 mL of
ciple from subjects with normal kidney function, in whom saline solution.
excretion of solutes and water is performed to a certain
Symptomatic hypotensionextent continuously throughout the day. The ingested
sodium and water of at least two days have to be excreted During dialysis with volumes of 1000 to 3000 mL of
within the short period of time of only a few hours during ultrafiltration, the blood pressure of most hemodialysis
the hemodialysis session. The consequence is sodium patients decreases to normal values. Nevertheless, symp-
and water changes that never happen in healthy subjects tomatic hypotension is reported in 15 to 50% of all dial-
and the associated occurrence of typical side effects, such ysis sessions [1–9]. If there are no other reasons such as
as muscle cramps, symptomatic hypotension, thirst, and cardiac dysfunction or insufficiency of the autonomic
osmotic dysequilibrium syndrome. These hemodialysis- nervous system, it is induced when ultrafiltration exceeds
refilling of the intravascular compartment [2, 7, 10].
Therefore, symptomatic hypotension can occur when theKey words: hemodialysis, math modeling, dialysate, fluid exchange,
blood volume. so-called dry weight of the patient is not attained. Dry
weight cannot be determined exactly. It is usually esti-Ó 2000 by the International Society of Nephrology
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mated by the physician on the basis of clinical signs partment induced by dialysis therapy. Mathematical
modeling of osmolarity changes and subsequent shiftsand may differ considerably from the physiological dry
weight. It is speculated that fluid shifts from the extracel- of water might help avoid these unwanted side effects.
lular to the intracellular compartment may contribute to
symptomatic hypotension [1, 12]. Symptomatic hypoten-
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sion is a clinical problem causing permanent dialysis dis-
Basic physiological assumptionscomfort especially in older patients [13].
About 60% of the adult human body weight consists
Thirst of water distributed into two main fluid compartments:
Roughly 65% of total body water (TBW) is located inThirst and polydipsia are among the most common
discomforts suffered by hemodialysis patients and are the ICV and 35% in the extracellular volume (ECV).
The ECV consists of interstitial fluid (30% of total bodyregarded as a lack of compliancy to dietary restrictions
by most physicians. Thirst occurs under experimental water, TBW), plasma water (7.5% of TBW), and trans-
cellular water (2.5% of TBW). There are only small dif-conditions, when there is a 0.5% loss of body weight by
loss of water [1, 14, 15]. Adequate stimuli for generation ferences in the ion concentrations between plasma and
interstitial fluid caused by the different protein concen-of thirst are an increase in extracellular sodium concen-
tration and a decrease of extracellular fluid volume. A trations in both compartments. For this reason, ECV
can be considered as one compartment.simultaneous decrease in extracellular and intracellular
volume (ICV) is the most potent stimulus for thirst. The ionic concentrations in ICV and ECV are mark-
edly different (Fig. 1). In the ICV, potassium is the domi-Thirst occurs most often in hemodialysis patients di-
rectly after termination of dialysis treatment. In some nant cation, with a concentration of 150 mmol/L, whereas
the sodium concentration is only about 5 to 10 mmol/L.cases, dialysis patients drink much more than ever in
their life before the initiation of dialysis therapy. They The main anions are organic phosphates and protein. In
the ECV, the main cation is Na1, with a concentrationoften experience interdialytic increases in body weight up
to 8 L. There is no doubt that thirst is associated with of 150 mmol/L. The potassium concentration is 5 mmol/L.
The main anions are chloride and bicarbonate. The diva-ingestion of salt and is sometimes caused by a rapid in-
crease in sodium concentration induced by dialysis [16]. lent cations calcium and magnesium are present in only
very low concentrations (1.5 and 2.5 mmol/L) and areSome patients drink more than the amount necessary to
reduce the increased sodium concentration. A vicious neglected for simplicity. Total ion concentrations in the
ICV and ECV are equivalent, and the osmotic concentra-circle develops since the patient lowers the extracellular
sodium concentration by too much drinking, with the tion in both compartments is about 290 mOsm/L. The
urea concentration in hemodialysis patients is elevatedconsequence of high ultrafiltration volumes and increase
of postdialysis sodium concentration. To make matters by about 10 to 40 mmol/L, increasing total ionic osmolar-
ity in both compartments considerably.worse, intravenous hypertonic sodium chloride is often
given in this situation because of the occurrence of mus- The great differences in the concentrations of sodium
and potassium in ICV and ECV spaces are maintainedcle cramps.
by active transport and different permeabilities through
Dysequilibrium syndrome the cell membrane (Table 1). Most of intracellular anions
consist of polyvalent proteins and organic phosphatesOsmotic dysequilibrium syndrome is characterized
clinically by increasing headache, nausea, high blood (AZ2), for which the cell membrane is impermeable.
The hydraulic permeability of the cell membrane ispressure, vomiting, and eventually cerebral cramping
during or shortly after dialysis. After the termination of nearly two orders of magnitude higher compared with
ionic permeability (Table 1). Therefore, cells are main-dialysis treatment, the symptoms may persist for up to
12 hours. Continuous telemetric recording of the electro- tained in osmotic equilibrium, as each change in osmolar-
ity is immediately compensated by a shift of water toencephalogram has shown that osmotic dysequilibrium
occurs when the plasma sodium concentration decreases restore osmotic equilibrium.
The distribution of electrolytes is such that electroneu-by more than 7 mmol/L [17]. It is caused by fluid shift
into the intracellular compartment, including the brain. trality is preserved. Equivalent amounts of cations and
anions are present in each fluid compartment, and anyThere is no evidence that osmotic dysequilibrium is
caused by removal of urea [18]. transport of cations through the cell membrane is accom-
panied by an equivalent flux of anions. Active transportThese unwanted side effects of hemodialysis therapy
may be explained by the removal of water during hemo- of Na1 and K1 is 1:1 and therefore electrically neutral.
In contrast to physiological conditions, in hemodialysisdialysis and by changes in osmolarity and the resultant
shifts of water between blood and dialysis fluid as well patients, predialysis status is characterized by a surplus
of: urea, 20 to 40 g (330 to 660 mmol); body water, 1 toas between the intracellular and extracellular fluid com-
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Fig. 1. Two-compartment model showing the
intracellular volume (ICV) and extracellular
volume (ECV) with the concentrations of the
predominant ions and urea.
Table 1. Mass-transfer coefficient estimated for a body weight of 65 kg using the permeabilities taken from the literature.
Permeability Mass-transfer coefficienta Reference
Water 66 3 1024 cm/s 0.013 L/(min 3 mm Hg)
Urea 4.8 3 1027 cm/s 1.0 L/min Popovich et al. [26]
Sodium 1 3 1028 cm/s 0.02 L/min Adrian et al. [25]
a The permeability to mass transfer coefficient conversion is outlined in the Appendix
8 L; sodium chloride, 5 to 30 g; potassium, 40 to 100 These conditions are not typical of standard dialysis,
where urea gradients are usually less than about 2mmol; anorganic phosphate, 20 to 40 mmol; and hydro-
mmol/L, and such sodium gradients cannot be built upgen ions H1, equivalent to a deficit in bicarbonate
within a short time available. Nevertheless, the possible(HCO3) of 100 to 150 mmol.
effect of such alterations is of clinical importance andThis status is corrected by hemodialysis according to
can be estimated using the model.the parameters of treatment.
In both cases, equilibrium between the compartmentsTaking into account the two principles of iso-osmolar-
occurs in two steps because of the very different massity and electroneutrality, the influence of changes in sol-
transfer coefficients for water, urea, and sodium throughute concentrations on ICV and ECV can be simulated
cellular membranes, as indicated in Table 1 [25, 26].using a mathematical model [19, 20]. Clinically important
The different mass transfer coefficients yield the fol-conclusions can be drawn from the results of modeling
lowing times for equilibrium to take place: 30 secondsfor the exchange of solutes and water during hemodialy-
for osmotic equilibrium because of the high cell wallsis therapy.
permeability to water, 20 minutes for urea equilibrium,
and over 10 hours for equilibrium of the ICV-ECV so-Two-pool model
dium concentrations.Based on the previously mentioned conditions, the
The magnitude of the respective volume shifts can
consequences of water and solute removal can be mathe- be derived from the conditions for osmotic and solute
matically described in a two-pool model [21]. Clinically equilibrium. The respective equations and their solutions
important conclusions can be drawn even with a single- are given in the Appendix.
pool model [20, 22–24]. The two-pool model is explained The consequences of these of 5 mmol/L urea and so-
first because of it corresponds best with physiological dium gradients, with the lower concentration being in
conditions. Figure 1 shows the basic assumptions of a the ECV, are summarized in Figure 2. After a sudden
two-pool model of ICV and ECV with the concentrations decrease in the extracellular urea concentration, osmotic
of the main solutes. Assuming the following sudden ini- equilibration leads in the first step to an ECV decrease
tial deviations of urea, Na1 and K1 from equilibrium as by 1.1%. In the second step, the urea concentration equil-
an example, the new osmotic and solute equilibrium can ibrates in about 20 minutes, and volume shift completely
be calculated: (1) Extracellular urea concentration is 5 disappears. On the other hand, after a sudden decrease
mmol/L lower than the intracellular concentration. (2) in the extracellular sodium concentration by 5 mmol/L,
Extracellular sodium concentration is 5 mmol/L lower osmotic forces will cause a decrease in ECV by 2.25%
and an increase in the sodium concentration of 3 mmol/L.than the intracellular concentration.
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of sodium with regard to generation of volume shifts,
but also that the influence of potassium is not negligible.
Convective removal of fluid by ultrafiltration does not
induce volume shifts because it has no influence on the
EC solute concentrations.
Single-pool model
Use of a two-pool electrolyte model requires a com-
puter program for the countless numerical calculations.
This, however, is normally not available. Analysis of the
two-pool model has shown that the ICV and ECV are
in osmotic equilibrium and that nearly no sodium is
transported between both compartments. Because of the
rapid shift of water, sodium behaves as if it were distrib-
uted in TBW. Therefore, a single-pool model can be
applied for sodium and water only involving simple cal-
culations (Fig. 3). The single-pool model is based on the
following assumptions: (1) ECV and ICV are in osmotic
equilibrium. (2) Ninety percent of the total extracellular
osmolarity is due to sodium, and 10% due to residual
solutes, that is,
p 5 1.84 Nae 1 pR (Eq. 1)
(3) Sodium is exclusively confined to the ECV. (4) The
ultrafiltration rate is constant. (5) The surplus of body
water is only extracellular at the beginning of dialysis.
The sodium concentration in the ECV during hemodi-
Fig. 2. Resulting volume shifts after a sudden decrease of extracellular alysis changes as if sodium were distributed in one single
urea and sodium concentration by 5 mmol/L. The urea gradient (B) compartment including ECV and ICV.
leads to a transient decrease of ECV by 1.1%, which disappears after
The kinetics of sodium and water in the single-poolabout 20 minutes following equilibrium of intracellular and extracellu-
lar concentrations. An equivalent sodium gradient (A) causes nearly model are described by equation 2.
a constant decrease of ECV of 2.3% because the membrane is imper-
meable to sodium and water is shifted from ECV to ICV.
Nae(t) 5 1Nae(0) 1 BA21
V(0)






with A 5 2 a K 1 QUF 31 2 a KQeff 11 2
K
Qeff
24/2Rebalancing of the sodium concentration lasts for
more than 10 hours but has nearly no influence on ECV.
Such changes need about one hour under practical B 5 K Nad 31 1 1 KQeff 2 124/2 (Eq. 2)dialysis conditions because of the limited dialyzer clear-
ance. This means that osmotic equilibrium always exists In equation 2, t is the dialysis time; K is the clearance
during dialysis and that only solute balances remain to of sodium; V is the apparent distribution volume; Qeff is
be restored at the end of dialysis. They do not lead to the effective blood flow, and Nad the dialysate sodium
further volume shifts. However, if extracellular sodium concentration. The extracellular sodium concentration
is decreased by 5 mmol/L and osmotic equilibrium is here is the concentration in plasma water, and Qeff is the
established, the ECV has decreased by 6%. A rise in water fraction of blood flow; a is the Donnan factor at the
extracellular sodium concentration would cause a corre- level of the dialyzer membrane. Because of the negatively
sponding increase of ECV. charged impermeable plasma proteins, a small trans-
The model also allows the calculation of the volume membrane potential exists, with the effect that plasma
shift as a function of eliminated quantities of solutes: sodium concentration is effectively decreased by the fac-
For removal of each 100 mmol of sodium, potassium, tor a for diffusive and convective transport, that is, the
and urea by diffusion, the model predicts volume shifts concentration gradient membrane is (a Nae 2 Nad). a
induced by sodium of 430 mL (ECV to ICV), by potas- is about 0.95 at normal plasma protein concentrations
sium of 270 mL in the opposite direction (ICV to ECV), [27–29]. An equation very similar to equation 2 was
published by Sargent and Gotch [19].and by a urea of zero. These results show a dominance
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Fig. 3. One-compartment model of sodium
and water.
With equation 2, the volumes Vi(t) and Ve(t) and so- tremely difficult because the ICV is not directly accessi-
dium balance DMna is separated in diffusive DMNaD and ble and because the predicted volume shift is small com-
convective DMnaC removal and can be calculated by the pared with total ICV. An error of 3% with regard to an
following relationships [3–7]: ICV of 20 L is equivalent to an error of 0.6 L in the
volume shift.
DVi(t) 5 Vi(0)11 2 1.84 Nae(0) 1 pR1.84 Nae(t) 1 pR 2 (Eq. 3) Scharfetter developed a two-pool model, including allelectrolytes and urea for clinical dialysis [21]. This elec-
trolyte model reflects the physiologic environment betterVe(t) 5 Ve(0) 2 QUF t 2 DV (Eq. 4)
than others. However, there is a correlation coefficient
DMNa 5 Nae(0) Ve(0) 5 Nae(t) QUF t 2 DV (Eq. 5) of only r 5 0.5 under normal dialysis conditions between
predicted and measured values, that is, with only smallDMNaD 5 Nae(0) Ve(0) 2 Nae(t) [Ve(t) 2 DV] (Eq. 6)
changes of plasma sodium concentration (less than 5
DMnaC 5 DMNa 2 DMNaD (Eq. 7) mmol/L). Volume changes were calculated using conduc-
tivity measurements. The correlation between predictedSodium concentration is measured either by flame pho-
and measured volume shift differs from patient to pa-tometry or ionometry, and both are calibrated to measure
tient, and varied considerably from 0.3 to 0.98 for ECVthe plasma concentration [28, 29]. To convert plasma
and from 20.89 to 0.57 for ICV.concentration Napl to the concentration in plasma water
Kimura et al published a single-pool model for sodiumNaplw, Napl must be multiplied by the dilution factor d:
and water [22]. They validated their model using sodium
Naplw 5 d Napl profiles that had normal-, high-, and low-sodium concen-
trations in the dialysis fluid. They measured TBW withTo calculate the sodium gradient DNa between plasma
tritium and ECV with Na235SO4. The accuracy of thewater and dialysis fluid, Naplw must be multiplied by a.
plasma sodium concentration measurement is given by
DNa 5 a Naplw 2 NaD 5 ad Napl 2 NaD the test of the hypothesis that there was no systematic
deviations between predicted and measured values. TheyFor normal plasma protein concentrations the product
found P , 0.05 to 0.02. Their diagram comparing mea-(a d) is close to 1 [28, 29]. Therefore, the Donnan factor
sured and predicted values of DICV indicates that thecan be disregarded when using plasma sodium concentra-
predicted values are somewhat low, but the scatteringtions. The sodium concentration in the dialysis fluid must
of the data is too high to allow precise measurements.be measured against a calibration standard, which is dif-
It is the only model involving actual measurements offerent from that for plasma measurements. Otherwise,
volume measurement and, despite the unsatisfactorythe dialysis fluid concentration is overestimated and must
precision of the volume shift, is one of the best articlesbe divided by the dilution factor.
published on the subject, as it is the only one reporting
Validation of sodium models simultaneous measurement of TBW and ECV.
Coli et al published a two-pool model for sodium,The validation of a sodium model is difficult because
urea, and water [30]. They assume iso-osmolarity andof the relatively small changes of plasma sodium and the
an impermeable cellular membrane for sodium. Theylimited precision of sodium concentration measurement.
Validation of the predicted volume shifts is also ex- found an average deviation of 6 1.32 mmol/L between
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predicted and measured sodium concentrations. The to- Amount of convective and diffusive transport
tal change in sodium concentration during dialysis is Sodium removal is mainly achieved by convection.
not reported, but seems to be in the normal range (,5 Diffusive sodium transport may be positive or negative,
mmol/L). Thus, the error in the change in the sodium depending on the sodium gradient. Since most patients
concentration should be about 30%. The error in the with high fluid intake and consequent low predialysis
calculated volume shift was not validated. sodium concentrations are dialyzed against a higher so-
From these findings, it must be concluded that predic- dium concentration in dialysis fluid, there is sodium up-
tions from sodium modeling concerning the sodium con- take by diffusion.
Sodium concentration in the ultrafiltrate is equal tocentration and the volume shift are unsatisfactory.
sodium concentration in plasma water Cplw multipliedThe single-pool model for sodium and water is a rather
by the Donnan factor a. Since flame photometry andradical simplification. It has the advantage of allowing a
ionometry are calibrated to measure the plasma sodiumsimple solution with easily calculated numerical results.
concentration Cpl, which is very close to a Cplw [27], theHowever, the simplification also has its price.
sodium concentration in the ultrafiltrate is simply CplTo neglect potassium means that the single-pool
and the sodium amount removed with the ultrafiltratemodel overestimates volume shifts to the ICV. Assuming
is equal to the amount of ultrafiltrate multiplied by Cplan average removal of 50 mmol of potassium during a
if Cpl is constant during dialysis. Otherwise, equation 6dialysis session, 127 mL of water leave the ICV; that is,
has to be used.a shift of volume to the ICV is overestimated by this
Thus, 140 mmol of sodium is removed per liter ofamount.
ultrafiltrate, when a plasma sodium concentration is 140
mmol/L. The ultrafiltrate does not contain an equivalent
amount of chloride, but about 20 mmol/L as well as someAPPLICATION OF SODIUM MODELING
mmol/L of organic and anorganic anions, and only 120Despite the unsatisfactory validation of the sodium
mmol/L of chloride. The concentrations of anions in theand water model, which is due to the limited precision
ultrafiltrate are equal to their respective plasma water
of sodium measurements and ICV and ECV determina- concentrations divided by a. Thus, per liter of ultrafil-
tions, sodium modeling is used to find explanations for trate, about 6.9 g of sodium chloride (NaCl) are removed.
the side effects caused by changes of osmolarity and In patients, dietary sodium is nearly exclusively NaCl.
volume. It has also been applied to quantitate certain Therefore, an equivalent amount of Na1 and Cl2 must
strategies like high- and low-sodium dialysis and sodium be removed by dialysis. This occurs by diffusion. While
profiling or to determine the effect of intradialytic injec- the gradient of sodium is decreased by the Donnan factor
tions of sodium chloride given to treat muscle cramps. (DNa 5 a Naplw 2 NaD), it is increased for chloride:
DCl 5 1/a Clplw 2 ClDVisualization of sodium effects
The removal of sodium by diffusion is small comparedThe most important practical application of sodium
with its convective elimination. From equation A6 (Ap-modeling is to illustrate how sodium concentration in
pendix), the diffusive loss for a 60 kg patient can beblood, sodium mass transfer, and change in osmolarity
estimated to be 32 mmol (equivalent to 1.8 g NaCl) perof the ICV and ECV will change under definite condi-
mmol/L sodium gradient between plasma and dialysate.tions in hemodialysis therapy. This is difficult to evaluate
From this, one can conclude that sodium balance in he-by clinical means.
modialysis patients is mainly regulated by ultrafiltration.
The sodium balance derived theoretically depends onDifferent osmotic effect of sodium and urea
the amount of ultrafiltrate, the decrease in the plasmaThe different effects of sodium and urea osmolarity
sodium concentration, and the size of TBW. With an
caused by their different distributions and different cell
accuracy of 2 mmol/L in the determination of the plasma
membrane permeabilities have already been described sodium concentration and an error in TBW of 10% and
in Figure 2. It easily explains why the osmotic dysequili- an error of 0.1 L in the amount of ultrafiltrate, the error
brium syndrome is caused by a decrease in sodium con- in the sodium balance is estimated to be 72 mmol sodium
centration and not by the osmotic changes by rapid ex- or 4.2 g NaCl. This corresponds to an error of about
cretion of urea. Consequently, osmotic dysequilibrium 53%, if only 1 L is ultrafiltrated, 27% for 2 L, and 18%
syndrome is rare because the dialysis fluid sodium con- for 3 L.
centration is generally more stable and higher than in The dialysate has to be collected to measure sodium
earlier times. It also explains why initial symptoms of balance. If Nacd is the sodium concentration in collected
the dysequilibrium syndrome can sometimes be over- dialysate, Vcd 1 VUF the total volume collected, then the
sodium balance DMNa is given by the relationcome by intravenous hypertonic sodium chloride.
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Fig. 4. (A) A bolus of sodium chloride of 2 g injected against muscle cramps increases plasma sodium concentration by 1.1 mmol/L. (B) Only
60% of the sodium is eliminated, given two hours before the end of a dialysis session.
DMNa 5 (Vcd 1 VUF) Nacd 2 VcdNad
5 Vcd(Na 2 Nad) 1 VUF Nacd
If Vcd 5 100 L, VUF 5 2 L, and if the difference and the
concentration are determined with a precision of 1.5
mmol/L, the error would be 140 mmol or 8.6 g NaCl.
The error may be greater in clinical routine because
the assumed precision of sodium measurement cannot
be obtained.
For clinical practice, it is easy to estimate convective
sodium transport, but it is difficult to estimate the amount
and direction of diffusive sodium transport. Altogether,
a diffusive sodium transport up to 10 g of salt remains
uncertain, as far as we are not aware of the precise
Fig. 5. Simulated change of plasma sodium concentration after injec-effective sodium gradient between plasma water and di- tion of a NaCl bolus during hemodialysis.
alysis fluid.
Since the unwanted side effects of dialysis therapy are
mainly due to the concentration difference in sodium
concentration between blood and dialysis fluid, dialysis shows the percentage of retained amount of sodium de-
is best tolerated by those patients who have learned to pending on the remaining dialysis time. Figure 4 shows
eat as much sodium as is removed by convection keeping that 80% of that amount of sodium injected one hour
the concentration difference between blood and dialysis before the end of dialysis is retained, only 20% being
as small as possible. removed by diffusion.
Looking at the kinetics of injection of 2 g of hypertonicInfluence of intravenous hypertonic sodium chloride
sodium chloride, there are three effects: (1) a sharp butMuscle cramps are a common side effect occurring
short-lasting increase of plasma sodium concentration,during ultrafiltration. They are usually treated with intra-
(2) a long-lasting increase of plasma sodium concentra-venous injections of 1 to 2 g of 10 or 20% sodium chlo-
tion by about 1 mmol/L, and (3) a long-lasting fluid shiftride. Sometimes up to 10 g of sodium chloride are given.
from ICV to ECV of 150 mL (Fig. 5).As a consequence, the plasma sodium concentration in
We know from clinical experience that these effectsthe ECV may increase by only 1 to 3 mmol/L, and it is
are sufficient to overcome muscle cramps. It remainsdifficult to estimate how much of the injected salt is
unknown whether the sharp but short transient increaseremoved toward the end of a dialysis session. This can
easily be demonstrated by sodium modeling. Figure 4B of the plasma sodium concentration or the final increase
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Fig. 6. Two different sodium profiles and the corresponding sodium concentration in the plasma as calculated with the single-pool model. (A) A
balance neutral profile. (B) Sodium added during dialysis. Symbols are: (solid line) profile of dialyzing fluid; (dashed line) plasma profile.
of plasma sodium concentration by only 1 mmol/L is Clinical results
beneficial in this respect. Reports on the effect of sodium profiling on dialysis
morbidity are unsatisfactory [43]. From 22 reports, only
Influence of sodium profiles in dialysis fluid 8 tested sodium profiling for periods longer than two
Sodium profiling is a method to increase sodium con- weeks. In 10 reports [43], the tests lasted only about one
centration in dialysis fluid temporarily in order to shift to four dialysis sessions. The dialysate sodium concentra-
water from the ICV to ECV, thus making it available tion was altered between 190 and 128 mmol/L in a step-
for ultrafiltration [4, 6, 9, 13, 23, 24, 30–43]. This method wise or continuous manner. Assuming 140 mmol/L as
the physiological sodium concentration, 12 studies hadhas been established to prevent symptomatic hypoten-
a positive sodium balance. Nine seemed to have nosion and muscle cramps. Different types of profiles can
change in sodium balance, and 1 had a negative sodiumbe distinguished: Profiles that do not change the sodium
balance [36, 43].balance compared with the baseline sodium concentra-
In eight studies with positive sodium balances for moretion in the dialysis fluid (called balance neutral profiles)
than two weeks, two reported an increase in body weight,and profiles that add or remove sodium (Fig. 6). Balance
four an increase in thirst, and two an increase in plasmaneutral profiles have the advantage that balance neutral-
sodium concentration. In four cases, no change in bodyity, as defined previously in this article, is valid indepen-
weight was reported [43].dently of the plasma sodium concentration at the begin-
In contrast, the one report with a negative sodiumning of a dialysis session. The net volume shifts are not
balance (137 to 128 mmol/L) indicated a decrease in thirst,different at the end of a dialysis with a balance neutral
body weight, and plasma sodium concentration [43].profile and with no profiling.
The following positive effects of sodium profiling wereSodium modeling can quantitate the impact of profiles,
indicated: less intradialytic hypotension (13 reports), lessthat is, it can quantitate changes in the plasma sodium
blood volume reduction (8 reports), better plasma refill-concentration and in the sodium balance. This may help
ing (3 reports) and less intradialytic saline infusion (3us to understand the clinical effect of sodium profiling.
reports) [43].Balance neutral profiles can be constructed to make
Reprint requests to Helmut Mann, M.D., Medical Faculty, Technicalthe average plasma sodium concentration during a dial-
University of Aachen, Schurzelter Strasse 564, 52074 Aachen, Germany.ysis session higher than without a profile. Assuming that E-mail: helmut.mann@post.rwth-aachen.de
a higher sodium concentration, over a limited interval
of time, is beneficial for circulatory stability, this could
APPENDIXbe used as an argument for sodium profiling. It has at
Conditions for osmotic equilibrium in the two-compartment model:least been reported that a permanent increase in dialy-
sate sodium concentration enhanced circulatory stability
p 5
Vi pi 1Ve pe
Vi 1 Ve
(A1)
[1, 18, 40–42] and decreased unwanted side effects.
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GlossaryUe,eq 5 VeUe /Ve,eq (A2)
Abbreviations are: A, total exchange area; A2, anion; Az2, polyva-Nae,eq 5 VeNae /Ve,eq (A3) lent anion; Cl2, chloride; d, dilution factor; ECV, extracellular volume;
k, osmotic coefficient; K, clearance; K1, potassium ion; ICV, intracellu-Ke,eq 5 VeKe /Ve,eq (A4)
lar volume; Na1, sodium ion; M, amount, quantity; P, permeability;
p 5 1.84 (Nae,eq 1 Ke,eq) 1 Ue,eq (A5) Q, flow rate; r, correlation coefficient; t, time; TBW, total body water;
U, urea concentration; V, volume; D, difference; a, Donnan factor; p,
pi 5 1.84 (Nai 1 Ki) 1 Ui (A6) osmotic concentration.
Subscript indices are: C, convective; D, diffusive; cd, collected dialyz-pe 5 1.84 (Nae,eq 1 Ke,eq) 1 Ue,eq (A7)
ing fluid; e, extracellular; eff, effective; i, intracellular; d, dialyzing fluid;
eq, equilibrium; plw, plasma water; pl, plasma; R, residual; S, solute;Solution:
UF, ultrafiltration; W, water. Superscript indices are: 1, cation; 2, anion.
Ve,eq 5 Ve[1.84 (Nae 1 Ke) 1 Ue]/p (A8)
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